Context: Findings of studies of testosterone's effects on muscle strength and physical function in older men have been inconsistent; its effects on muscle power and fatigability have not been studied.
T estosterone levels decline with advancing age (1, 2) and have been associated with the age-related changes in lean body mass, muscle strength, and self-reported and performance-based measures of physical function (3) (4) (5) (6) . Furthermore, testosterone supplementation has been shown to consistently increase whole-body and appendicular lean body mass (3, (7) (8) (9) (10) (11) (12) (13) . These observations have stimulated enormous interest in investigating the anabolic applications of androgens to improve physical function and reduce the burden of disability in older adults. However, the effects of testosterone supplementation on muscle performance and physical function have been inconsistent in previous trials (3, (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Many previous trials have been limited by their relatively short duration, small sample sizes, and the heterogeneity of testosterone doses, regimens, and on-treatment testosterone levels (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Furthermore, the effects of testosterone on other important measures of muscle performance, including muscle power and fatigability, have not been well evaluated.
The Testosterone's Effects on Atherosclerosis Progression in Aging Men (TEAAM) Trial was a randomized, placebo-controlled trial whose primary aim was to determine the effects of testosterone supplementation on atherosclerosis progression in older men with low or low-normal testosterone levels (19) . The primary results of this trial have been published (19) . A secondary aim of the TEAAM Trial was to determine the effects of raising testosterone levels into the midrange for healthy young men on physical function and muscle performance in older men with low or low-normal testosterone levels. In addition to muscle strength, we also determined the effects of testosterone on muscle power and fatigability, 2 additional important measures of muscle performance. Muscle power, the rate at which a muscle generates force, is more strongly associated with measures of physical function than muscle strength, and diminishes faster than strength with aging (20) (21) (22) (23) . Local muscle fatigability has been associated with one's ability to delay the onset of muscle fatigue, especially when performing work at high workloads (24, 25) Testosterone's effects on these measures have not been well studied in older men.
Several explanations have been offered to explain why previous testosterone trials have failed to demonstrate consistent improvements in measures of physical function despite significant gains in muscle mass, including suboptimal intervention duration, failure to raise testosterone levels into the mid-normal range, and low ceiling of the measures of physical function tests used in these trials. To overcome these limitations of previous trials, the participants of the TEAAM Trial received the intervention for 3 years. Testosterone levels were measured during intervention and the testosterone dose was adjusted to maintain serum testosterone levels in the testosterone arm between 500 and 900 ng/dL (17.3-31.2 nmol/L). Furthermore, we used the stair-climb test as a measure of physical function, because of its higher ceiling and stronger association with lower extremity strength than some other measures of physical function, such as gait speed (14) . We also assessed performance in a loaded stairclimb test, in which participants carried a load while ascending stairs, thus raising the ceiling even higher than that of the unloaded stair-climbing test. We have previously shown the loaded stair-climb test to be a better discriminator of testosterone efficacy among young and older healthy men and older men with mobility limitations (26) .
Methods

Study design
The TEAAM trial was a 3-site, randomized, placebocontrolled, parallel-group, double-blind trial designed to investigate long-term effects of testosterone supplementation on atherosclerosis progression in older men with low testosterone (19) . This report describes the secondary results specific to muscle performance, physical function, and lean body mass in the TEAAM Trial. The participant sites included Charles Drew University of Medicine and Science, Los Angeles, California; Boston University Medical Center, Boston, Massachusetts; and the Kronos Longevity Research Institute, Phoenix, Arizona. The study protocol was approved by the Western Institutional Review Board, Puyallup, Washington; for Kronos Longevity Research Institute; and by the respective institutional review boards of the other institutions.
Participants
The details of inclusion and exclusion criteria have been reported (19) . Briefly, participants were community-dwelling men age 60 years or older with low to low-normal testosterone defined as total serum testosterone levels between 100 and 400 ng/dL (3.5-13.9 nmol/L) or free testosterone level less than 50 pg/mL (174 pmol/L) obtained in a fasting, morning sample. We included men with low or low-normal testosterone levels (19) who were similar to a substantial fraction of middle-aged and older men receiving testosterone prescription (27) .
None of the subjects were engaged in resistance exercise training before or during the 36 months of the study. Before participation in the study, all subjects provided written informed consent.
Randomization
The participants were stratified by age group and site, and randomly assigned to receive either 1% testosterone transdermal gel or placebo gel. The investigational drug pharmacist assigned the randomization number in a prespecified sequence generated by the biostatistician.
Intervention
Participants were randomly assigned to receive either 7.5 g of 1% testosterone gel (75 mg of testosterone) or placebo gel daily for 3 years. Two weeks after randomization, total testosterone levels were measured 2 to 12 hours after gel application. If the total testosterone concentration was lower than 500 ng/dL (17.3 nmol/L), the testosterone dose was increased to 10 g daily. The men with a total testosterone level higher than 900 ng/dL (31.2 nmol/L) had their testosterone dose reduced to 5 g. To maintain blinding, an unblinded study staff adjusted the dose in the placebo group simultaneously. Subsequently, testosterone levels were measured at 6, 18, and 36 months. Compliance with the treatment paradigm was assessed by counting the number of unused gel packs returned by the participants.
Outcomes
Muscle performance
Muscle strength, power, and fatigability were measured at baseline and 6, 18, and 36 months. The measurement procedures and equipment were standardized across sites. Some participants were not able to perform certain tests during some of the visits; therefore, the sample size differed for various tests.
Muscle strength
Maximal voluntary strength of the lower and upper extremities was assessed using the 1-repetition maximum (1-RM) method (28) for the seated leg-press and chest-press exercises (Keiser Sport, Fresno, CA). Subjects were positioned in the standardized seat position and foot placement that allowed 90°o f knee flexion for the leg-press exercise. Seat height and handle position were standardized for the chest press. Subjects were familiarized with the exercises, practiced the technique, and completed a 5-minute warm-up. The 1-RM procedure has been previously described (8) . Briefly, it consisted of a warmup set with 5 to 8 repetitions at a resistance set to about 50% of the participant's estimated 1-RM and progressed with increasing loads interspersed with standardized rest periods until the subject was able to perform only 1 full range-of-motion repetition. The participants were tested twice on nonconsecutive days with the better of the 2 trials reported as the 1-RM.
Muscle power
Leg-press and chest-press power were measured using the same equipment and positioning used for the 1-RM assessments (8) . The pneumatic resistance machines were instrumented with an electronics package (A420, Keiser Sport) that enabled the measurement of force and velocity and, hence, power. Subjects performed 5 repetitions with 30 seconds of rest between repetitions at 50%, 60%, and 70% of the baseline 1-RM for the leg press and 40%, 50%, and 60% of the chest-press 1-RM. Peak power for each load was analyzed as well as the highest peak power across all loads. The same absolute load was used at all test intervals.
Muscle fatigability
This test measured the fatigability of the muscle groups used to perform the leg-press and chest-press exercises (8). Subjects were instructed to perform as many full range-of-motion repetitions as possible at a fixed cadence of 4 seconds per repetition with a load equal to 80% or 70% of the baseline 1-RM for the leg press and chest press, respectively. The same absolute loads were used for all tests over the 3-year study.
Physical function
Stair-climb power
Each test site conducted 2 tests of stair climb power using an indoor 12-step staircase. One test consisted of ascending the 12 steps as rapidly as possible without running (unloaded stair climb), whereas the second test required subjects to carry a load equivalent to 20% of their baseline body weight evenly distributed in 2 canvas tote bags (loaded stair climb) (13, 14) . Time to ascend the stairs was measured electronically with a digital clock and switch mats (Lafayette Instruments, Lafayette, IN) placed at the base of the steps and on the 12th step. The same timing equipment was used at all sites. Stair-climb power (measured in watts) was calculated from the product of the total rise of the 12 steps, body weight plus load carried, and acceleration of gravity, all divided by time. Subjects performed 2 trials of the unloaded stair climb with a 2-minute rest between trials, rested 10 minutes, and then completed 2 trials of the loaded stair climb with a 2-minute rest between trials. The same absolute load carried at baseline was used at the 6-, 18-, and 36-month assessments.
Lean body mass
Lean body mass was measured by dual energy x-ray absorptiometry, using the Hologic QDR4500 (Hologic Inc., Marlborough, MA) or the GE Lunar Prodigy (site 3 only; General Electric Co., Little Chalfont, United Kingdom) instruments. The GE Lunar Prodigy data were corrected using cross-validation measurements in 8 men aged 20 to 60 years who were tested on both instruments. All dual energy x-ray absorptiometry instruments were cross-validated using a whole-body phantom and calibrated daily following manufacturer's recommendations.
Hormone assays
Total testosterone was measured at Quest Diagnostics (San Juan Capistrano, CA) using a Bayer Advia Centaur immunoassay (Siemens Medical Solutions, Malvern, PA) after extraction of serum with ethyl acetate and hexane, followed by celite chromatography; this assay, validated against liquid chromatography coupled to tandem mass spectrometry, has a sensitivity of 10 ng/dL (0.3 nmol/L); the intra-and interassay coefficients of variation are 11.8% and 17%, respectively (29) . Free testosterone was calculated as previously described (30) .
Statistical analysis
The primary analyses were performed on an intention-totreat basis (i.e., all randomized subjects with a baseline and at least 1 postrandomization assessment were included in the analyses regardless of compliance). Baseline characteristics were summarized by treatment groups using means and standard deviations (SDs). Change from baseline in muscle performance, physical function, and body composition measures was analyzed using mixed-effects linear regression models with repeated measures allowing for within-subject correlation of outcomes over each outcome measurement during the entire postrandomization intervention period. Models were adjusted for baseline outcomes as well as age group (men 65-75 years old and men .75 years old), and contained a site factor as a random effect. The visit number (representing time in treatment), randomization assignment, and visit-by-randomization interaction were treated as fixed effects; to accommodate potential nonlinearities in change in outcomes, time was considered a discrete (i.e,. a class or factor) variable.
The primary hypothesis of difference between treatment effects was assessed using a combined test of main effect and visit-by-randomization interaction over time. Estimated mean changes and 95% confidence intervals (CIs), within and between doi: 10.1210/jc.2016-2771 press.endocrine.org/journal/jcemarms, were calculated as an average of changes from baseline for t3 postrandomization visits. Additionally, a prespecified, perprotocol analysis was conducted on participants who completed 3 years of intervention and had both baseline and 36-month outcome assessment data.To determine whether baseline testosterone levels affected response to testosterone, a sensitivity analysis was performed on participants who had a baseline serum testosterone level #300 ng/dL (10.4 nmol/L) or .300 ng/dL. The association between the change in total serum testosterone and change in muscle performance, physical function, or body composition was evaluated by a linear mixed-effect regression model. Additionally, the association between total lean mass change and physical function measures was examined using mixed-model linear regression. For limited hypothesis testing, the nominal type 1 error was set at a = 0.05. Primary analyses were prespecified, hence no adjustments were made for multiplicity. All analyses were conducted using SAS 9.3 (SAS Institute, Inc., Cary, NC) and R software version 2.15.1 (https://www.r-project.org/).
Results
The flow of participants through the trial
Of the 306 men who were randomly assigned to the parent trial, 256 men had a baseline assessment (135 men randomly assigned to the testosterone arm and 121 men to the placebo arm) and at least 1 postrandomization assessment of physical function and muscle performance and constituted the intention-to-treat analytic sample. A total of 106 participants in the testosterone arm and 97 men in the placebo arm completed 3 years of the study and constituted the sample for the prespecified perprotocol sensitivity analyses of completers.
Baseline characteristics of the participants
The participants in this report averaged 67 years of age and had a mean body mass index of 30 kg/m 2 . The baseline age, body mass index, hormone levels, and measures of muscle performance, physical function, and lean body mass were comparable between groups (Table 1) .
Hormone levels
The mean (6SD) total testosterone level in the analytical sample, derived from the mean of the 6-, 18-, and 36-month measurements, increased from 307 (667) a Number of subjects with baseline and at least 1 postrandomization physical function test or body composition record.
b Chest-press peak power is the highest peak power measured at 40%, 50%, and 60% of the chest press 1-RM.
c Leg-press peak power is the highest peak power measured at 50%, 60%, and 70% of the leg press 1-RM.
d Chest-press and leg-press fatigability values reflect the number of leg-press and chest-press repetitions to failure.
e Stair-climb power (both unloaded and loaded) reflects peak power measured over 12 steps.
Estimated mean changes from baseline
The estimated mean changes from baseline and their 95% CIs, calculated as an average of changes from baseline for 3 postrandomization visits, for the testosterone and placebo groups are summarized in Table 2 . The estimated mean 3-year difference and 95% CIs between groups are also presented in Table 2 . Estimated mean percent changes and 95% CIs between and within groups over 3 years are presented in Supplemental Table 1 .
Changes in hemoglobin
Hemoglobin levels in our analytical sample were similar at baseline in both randomization groups: 14.54 6 1.24 g/dL and 14.48 6 1.42 g/dL for the on-treatment and placebo groups, respectively. In the intervention group, mean hemoglobin level changes, calculated as an average value across 3 postrandomization time points, increased to 15.33 6 1.39 g/dL over the 3-year study period, but remained almost unchanged in the placebo group (14.40 6 1.15 g/dL).
Measures of muscle performance
Chest-press strength Chest-press strength increased significantly more in men randomly assigned to the testosterone arm than in those assigned to the placebo arm (Fig. 1) . Changes from baseline in chest-press strength for both groups as well as the estimated mean difference between groups over the 3-year study are shown in Table 2 ; the difference between groups was significant (P , 0.001). Although the treatment effect seemed to wear off over time (Fig. 1) , the statistical test of visit-by-treatment interaction (expressing change in the distance between the 2 plotted lines in the figures) was not significant. A strong and significant association was seen between the change in chest-press strength and change in total and free testosterone levels (P , 0.001 for each; Supplemental Figs. 2 and 3) . The change in chest-press strength was significantly associated with the change in whole-body lean mass (P = 0.031) in the testosterone group.
Leg-press strength
The change in leg-press strength over 3 years did not differ significantly between the 2 groups. The estimated mean (95% CI) difference between groups was 31. 8 N (221.3 to 84.8; P = 0.280; Fig. 1 ; Table 2 ). Estimated mean changes from baseline for the testosterone and placebo groups are given in Table 2 . The change in legpress strength was associated significantly with the change in total (P = 0.024) and free testosterone levels (P = 0.031) over the 3 years (Supplemental Figs. 2 and 3) . Leg-press strength in the testosterone group was not significantly associated with the change in lean body mass (P = 0.391), but was significantly associated with legpress power and loaded and unloaded stair-climbing power (all, P , 0.001).
Muscle power
The changes in chest-press and leg-press peak power (Fig. 2) were significantly greater in the men randomly assigned to the testosterone group compared with those randomly assigned to the placebo group. The estimated mean changes from baseline for chest-press and leg-press peak power for the testosterone and placebo groups are summarized in Table 2 . The estimated mean betweengroup differences in the change in peak chest-press and leg-press power were significant (P , 0.001 for both); the estimated mean differences (95% CI) for chest-press peak power and leg-press peak power were 22.5 W (7.5-37.5 W) and 83.8 W (35.4-132.2 W), respectively. Both chest-press and leg-press peak power (Supplemental Figs. 2 and 3) were a Estimated mean change and 95% CIs were determined over the entire 3-year study period.
b P value extracted from mixed-model regression (combined test of main effect and visit-by-treatment interaction).
doi: 10.1210/jc.2016-2771 press.endocrine.org/journal/jcemsignificantly associated with changes in total (P = 0.015 and P = 0.017, respectively) and free testosterone (P = 0.016 and P = 0.026, respectively) levels. The change is leg-press peak power was not significantly associated with the change in whole-body lean mass (P = 0.058), but was significantly associated with loaded and unloaded stair-climbing power (P , 0.001 for both).
Fatigability
There was no statistically significant treatment effect on leg-press or chest-press fatigability (data not shown).
The changes in muscle fatigability during the chest-press and leg-press exercises were not significantly associated with changes in total or free testosterone levels (P = 0.202 and P = 0.911, respectively; Supplemental Fig. 4) .
Measures of physical function
Stair-climb power
Testosterone supplementation for 3 years was associated with significantly greater improvements in the power generated during both the unloaded and loaded stair-climb tests than with placebo (Fig. 3) . The estimated mean (95% CI) changes from baseline in unloaded and loaded stair-climb power for the testosterone and placebo groups are shown in Table 2 . The estimated mean (95% CI) between-group differences in unloaded and loaded stair-climb power was 10.7 W (24.0 to 25.5 W; P = 0.026) and 22.4 W (4.6-40.3 W; P = 0.027), respectively. The changes observed in both unloaded and loaded stair-climbing power were not significantly related to changes in total testosterone (P = 0.561 and P = 0.069, respectively). The visitby-treatment interaction was not statistically significant although, numerically, the magnitude of the effect appeared to be waning with time.
Lean body mass
Testosterone administration was associated with significantly greater increments in lean body mass over 3 years compared with placebo (Fig. 4) . However, the estimated treatment effect was small (estimated mean difference [95% CI] between arms over 3 years, 0.9 kg [0.5-1.4 kg]; P , 0.001; Table 2 ). Among men assigned to the testosterone arm, the change in lean body mass was significantly associated with the change in total (P = 0.006) and free testosterone level (P = 0.002). As with muscle strength, muscle power, and stair-climbing power, the magnitude of the effect appeared wane over time despite a statistically nonsignificant visit-by-treatment interaction (Fig. 4) .
Sensitivity analysis
Prespecified per-protocol analyses of participants randomly assigned to the testosterone arm who completed 36 months of intervention yielded similar results (Supplemental Table 2 ). The treatment effects on muscle strength, power, fatigability, stair-climbing power, and lean body mass were qualitatively similar in men whose baseline testosterone level was less than 300 ng/dL (10.4 nmol/L) and those whose baseline testosterone level was more than 300 ng/dL (this analysis was not prespecified).
Discussion
Testosterone replacement for 3 years was associated with modest improvements in chest-press strength, muscle power, unloaded and loaded stairclimbing power, and lean body mass. Although these results are promising, the magnitude of change in the measures of muscle performance, physical function, and lean mass in this study was small and the clinical meaningfulness of these changes remains unclear. The potential impact of the improvements in these laboratory measures of muscle performance and physical function observed in the setting of a controlled trial on health outcomes and disability in older adults with functional limitations remains to be studied.
Unique to this 3-year study of testosterone administration in older men is the assessment of muscle power and fatigability. Aging is associated with a preferential loss of type II motor units (20, 31) and the consequent loss in the rate of force development (i.e., power). Because muscle power is more strongly associated with functional performance in activities such as stair climbing, walking, and rising from a chair (22) , assessing the effectiveness of anabolic therapies on muscle power is important. Men in the testosteronetreated group significantly increased both lower and upper extremity power more than men receiving placebo. In addition, the changes in leg-press and chest-press power were significantly associated with changes in stair-climbing power, reinforcing the role of muscle power in performance of functional activities.
Muscle fatigability, assessed by the number of repetitions to failure at 80% of baseline chestpress and leg-press strength (1-RM) did not change in either group. Because local muscle fatigability is on a continuum with muscle strength (28), the small 1% to 2% changes observed in strength over the course of the study in men receiving testosterone may not have been adequate to reflect changes in fatigability. Furthermore, the principle of specificity suggests that improvement in fatigability is more likely to occur with resistance exercise performed systematically over time with high-volume, low-intensity training (28) . This was not the case in the men participating in this study, because resistance exercise training was disallowed. press.endocrine.org/journal/jcem
The changes in leg-press strength did not differ between the intervention groups even though upper extremity strength improved significantly more in the testosterone-treated men. These regional differences in the response of different muscle groups to androgens have been reported in other studies (32) . Some long-term testosterone trials also found no improvement in lower extremity strength with testosterone replacement (9, 16) . In general, trials that used larger doses of testosterone and achieved greater gains in lean body mass, and measured maximal voluntary strength with isoinertial exercise devices have tended to show significant improvements in lower extremity strength (3, 14) . In contrast, those studies that have used relatively lower testosterone doses, achieved smaller gains in lean mass, and used isokinetic exercise have failed to do so. One possible contributor to the failure to observe significant improvements in leg-press strength in this study might be the relatively small 0.9-kg increase in total lean body mass seen at 6 months followed by its decline to 0.32 kg over the remaining 24 months. Indeed, in our previous dose-response studies, substantially larger gains in lean body mass with higher doses of testosterone than those used in this trial were associated with substantially greater increments in leg-press strength (3).
The intervention effect for all the outcomes appeared to wane over time, although the statistical tests for timetreatment interaction were not significant. The possible reasons for attenuation of the treatment effect over time could be decreased compliance over time or the age-related decline in function over time. Although compliance in both groups was greater than 90%, it is possible that over time, the subjects may have been less diligent in applying the gel. The age-related decline on physical function seems likely because the placebo-treated men also appeared to show a decline in muscle mass, power, and physical function over time. It is possible that testosterone plays a role in attenuating the age-related decline in these measures. Testosterone's effect on attenuating the age-related decline in aerobic capacity has been reported (33) . The TEAAM Trial has several strengths and some limitations. The study had many attributes of a good trial design, including masked random allocation of participants to interventions, blinding, parallel groups, and prespecified intent-to-treat analytical strategy. The TEAAM Trial is among the largest and longest of testosterone trials. The testosterone dose raised and maintained serum testosterone concentrations in the mid-normal range for healthy young men. A battery of muscle performance measures, including muscle strength, muscle power and fatigability, enabled a more comprehensive assessment of muscle performance than has been performed in any other testosterone trial in older men, to our knowledge. We included stair climbing as a measure of physical function, which has a higher ceiling and is more strongly associated with lower extremity muscle strength than gait speed (22) . The 3-year intervention duration was long enough to observe functional changes in both lower-and higherceiling (unloaded and loaded stair climbing) measures of physical function.
The trial also had some limitations. The participants included in the TEAAM Trial were healthy communitydwelling men without any functional limitations; the improvements in functionally limited older adults could be greater or smaller than those observed in healthy men. These participants had low-normal or slightly low testosterone levels, similar to a majority of middle-aged men receiving testosterone therapy in clinical practice. These men were not hypogonadal; therefore, these findings should not be extrapolated to hypogonadal men with known diseases of the testes, pituitary, or the hypothalamus. The drop-out rates were high but not dissimilar from other intervention trials of similar duration, and were substantially better than the treatment discontinuation rates observed in clinical practice.
The findings of the TEAAM Trial, when viewed together with the recent results of the Testosterone Trials (TTrials) (34) , suggest that testosterone replacement in community-dwelling older adults with either no functional limitations or with mild to moderate mobility limitation is associated with only modest improvements in performance-based measures of physical function, such as 6-minute walking distance and stair-climbing power. These data contrast with published testosterone dose-response studies (3, 7) and empiric experience from athletes abusing large doses of androgens, which have shown substantially larger gains in skeletal muscle mass and maximal voluntary strength. Hence, their clinical meaningfulness of testosterone replacement in healthy older men with low or low-normal testosterone remains unclear. Further studies are needed to determine whether the observed gains in these laboratory measures of muscle mass, muscle performance, and physical function can be associated with patient-important improvements in distal health outcomes, such as ability to undertake activities of daily living, reduction in falls, or disability.
Resistance exercise training has been shown to enhance the anabolic effects of androgens on muscle mass, maximal voluntary strength, muscle power, and physical function (35) (36) (37) . Similarly, athletes who use supraphysiologic doses of androgens to improve athletic performance often combine these drugs with task-specific training with the resultant performance enhancement (38) . Therefore, it is possible that adjunctive functional exercise training may be needed to augment and translate the modest gains in skeletal muscle mass, muscle power, and laboratory measures of physical function into clinically meaningful improvements in health outcomes and disability. This hypothesis should be tested in adequately powered randomized trials. Furthermore, the TEAAM Trial was not powered to detect intervention effects on cardiovascular or prostate events; therefore, the longterm safety of testosterone therapy and the risk-benefit ratio cannot be ascertained from these data. 
